A method has been developed for determination of 15 N isotope ratio in nitrate nitrogen, which is a major analytical step in tracer experiments for studies of nitrate metabolism in the marine environment. The method is based on diazotization of nitrite with sulfanilic acid following reduction of nitrate to nitrite by a cadmium-copper column. The diazonium compound is then subject to the azo coupling reaction with 2-naphthol, and the azo dye formed is extracted by a solid phase extraction column. The dye eluted from the column is collected, and total nitrogen and 15 N content of the dye are determined by mass spectrometry. Sulfanilic acid can also remove preexisting nitrite by heating the sample under acidic conditions before passing through the cadmium-copper reduction column. The average recovery of nitrate nitrogen was 86%. A procedure for reducing the background nitrogen that derives from the analytical operations has been developed; background nitrogen was limited to about 0.25 µg-atom N. The variation in the background nitrogen levels reflects the range of error in 15 N determination of nitrate nitrogen by this method. Application of the present method to a 15 NO 3 -isotope dilution experiment for determination of nitrification rate in sea water is demonstrated.
Introduction
The biogeochemical dynamics of nitrate in the marine environment are controlled by the oxidation of ammonium and nitrite by chemoautotrophic nitrifying bacteria and by the assimilatory and dissimilatory reduction of nitrate by various microbes (Hattori, 1982) . Nitrate turnover rate has been determined by 15 N tracer techniques in both the water column and sediment systems. The rate of nitrate formation can be determined by measuring 15 N accumulation in nitrate following the addition of 15 N labeled nitrite or ammonium (Olson, 1981) , or alternatively, by measuring dilution of 15 N in nitrate pool following the artificial enrichment of 15 N labeled nitrate (Koike and Hattori, 1978) . In both types of experiments, 15 N enrichment in nitrate nitrogen needs to be determined.
Mass spectrometry and emission spectrometry are typically used for determination of 15 N isotope ratio, but nitrogenous compounds must be converted to N 2 in either case. Nitrate nitrogen can be converted to N 2 by several methods. In one category of such methods, nitrate is reduced to ammonium with Devarda's alloy or with other reducing agents, and then the ammonium nitrogen is concentrated by either steam distillation or micro diffusion. The collected ammonium is then converted to N 2 either by hypobromite oxidation or by Dumas combustion. This type of method is generally preferred in studies of natural 15 N abundance (e.g., Liu et al., 1996) . In another category, nitrate is reduced to nitrite by a cadmium-copper column or by other reducing agents. Nitrite may be converted to N 2 directly by sulfamic acid (Koike and Hattori, 1978) . Alternatively, and more typically, an azo dye is formed with nitrite and the dye is then converted to N 2 by Dumas combustion or by other methods (Wada and Hattori, 1972) . In either the sulfamic acid treatment and the azo dye formation method, at least one nitrogen atom is introduced from the reagents, in addition to the one originating from nitrite. Thus 15 N from nitrate should be diluted by these nitrogen atoms, which is seen as a disadvantage of these methods. However, for tracer experiments where high values of 15 N atom% are to be determined, these methods are preferred because the analytical procedure is relatively simple and requires no special laboratory facilities. The azo dye method is particularly suitable for the combined automatic analytical systems for simultaneous determination of 15 N isotope ratio and total N based on the Dumas combustion and mass spectrometry (e.g., Preston and Owens, 1983) .
The azo dye method was first applied to studies of nitrite formation in the marine environment (Wada and Hattori, 1972; Miyazaki et al., 1973) . In the original method of Wada and Hattori (1972) , the 15 N content of nitrite was determined following the formation of an azo dye with sulfanilic acid and N-1-naphthylethylenediamine. Olson (1981) and Horrigan and Capone (1985) adopted a modification of this method in which aniline and 2-naphthol are used as reagents, because these reagents would introduce only one nitrogen atom to a dye molecule other than that originating from nitrite. For determination of 15 N in nitrate nitrogen by the azo dye method, the preexisting nitrite must be removed before the process of nitrate reduction. Sulfamic acid has commonly been used for the removal of nitrite (Olson, 1981; Wu et al., 1997) .
For determination of 15 N in nitrate, we first adopted the method of Olson (1981) for nitrite removal and azo dye formation. In preliminary study, however, we found it difficult to achieve a constant and reasonable yield of the azo dye after sulfamic acid treatment (Morimoto and Hirakoba, 1964) . We also tried to extract the dye with a solid reversedphase column instead of chloroform extraction (Olson, 1981) or hexane extraction (Horrigan and Capone, 1985) . We found, however, that the dye formed with aniline and 2-naphthol frequently yielded sticky suspended particles which often attached to the flask surface, which made it difficult to utilize solid phase extraction.
In this paper we present an alternative method that we have developed, using sulfanilic acid and 2-naphthol. Morimoto and Hirakoba (1964) reported that sulfanilic acid can be used to remove nitrite and can then be used again as the diazotization reagent for nitrate detection by the Griess Romijn method. In the Griess Romijn method, 1-aminonaphthalene (α-naphthylamine) is used for azo coupling. We combined the diazotization reaction of sulfanilic acid with the azo coupling reaction with 2-naphthol, and applied the method to 15 N determination in nitrate nitrogen. We have examined the recovery of nitrate nitrogen, removal of nitrite nitrogen before the reduction, and introduction of background nitrogen through the analytical procedure. Application of the proposed method to a 15 N-nitrate dilution experiment in a pelagic water of the Pacific is demonstrated.
Materials and Methods

Reagents
Sulfanilic acid (4-aminobenzenesulfonic acid) and sodium hydroxide used in this study were of nitrogen oxides analysis grade and were obtained from Wako Pure Chemical Industries (Osaka, Japan). Na 15 NO 3 (99.8 atom%) was obtained from Shoko Co., Ltd. (Tokyo, Japan). All the other reagents used were of analytical reagent grade and were obtained from Wako. Test samples were prepared with a stock of sea water originally taken from the surface of a pelagic water in the Pacific. The concentration of nitrate and nitrite in the sea water was below the detection limit of the standard colorimetric assay (Strickland and Parsons, 1972) . A known amount of ordinary NaNO 3 and NaNO 2 reagents and Na 15 NO 3 was dissolved in the sea water.
The following working solutions were prepared. Reagents were dissolved in pure water obtained from a Milli-Q Labo system (Nihon Millipore, Tokyo, Japan). (1) Sulfanilic acid solution (0.5%). (2) 
Analytical procedure
The following analytical procedure was adopted unless otherwise stated. To a 1 liter sea water sample was added 8 ml of the diluted HCl solution and 0.8 g of sulfanilic acid reagent, which was allowed to dissolve. The mixed solution was allowed to sit for 30 minutes and it was then heated in a boiling water bath for 15 minutes. This treatment serves to eliminate nitrite in the water sample (Morimoto and Hirakoba, 1964) . The sample was then cooled to room temperature in a bath of running tap water for 30 minutes. The NH 4 Cl solution (30 ml) was added to the solution; the pH of the solution should be approximately 8.2 (Collos et al., 1992) . The solution was pumped through a standard cadmiumcopper column (8-mm inner diameter and 250-mm height; Strickland and Parsons, 1972 ) at a flow rate of 10 ml minute -1 using a tube pump, whereupon dissolved nitrate was reduced to nitrite. The reduction efficiency of the column was checked before application of each sample and was confirmed to be greater than 95%. A reversed-phase solid extraction column (Bakerbond Spe, Octadecylsilane, J. T. Baker, Phillipsburg, U.S.A.) was attached to the outlet of the reduction column to eliminate compounds that may increase analytical blank values. The initial elute from the column was discarded; an aliquot of about 800 ml of the sample solution was taken. A portion of this sample was taken separately and nitrite concentration was determined by colorimetry. For nitrite determination, 0.1 ml of the sulfanilic acid solution was added to the subsample of 5 ml. After 30 minutes, 0.1 ml of the NEDA solution was added. Absorption was then measured at 545 nm using a Shimadzu UV-1200V spectrophotometer (Shimadzu Co., Kyoto, Japan).
The volume of the reduced sample solution was adjusted to 800 ml. To the sample solution, 8 ml of the diluted HCl solution was added, and then 8 ml of the sulfanilic acid solution was added for diazotization. After 30 minutes, 8 ml of 2-naphthol solution was added and kept for another 30 minutes for the azo coupling reaction that would yield an azo dye (Orange II, or 1-p-Sulphobenzeneazo-2-naphthol; Williamson, 1987) . The dye was extracted with a reversed-phase solid extraction column (Bakerbond Spe, Octadecylsilane). The column retaining the dye was washed by dilute HCl (0.01N), NaOH solution (0.025N) and pure water successively, and the dye was then eluted with methanol. The dye extracted in methanol was absorbed by a strip of precombusted Whatman QA quartz filter (a quarter sector of a 32-mm diameter filter disk) and the filter strip was dried on a hot plate. The dried filter strip was then covered with a tin foil and was pressed into a tablet following the procedure of Kanda et al. (1998) . Total nitrogen and 15 N contents were determined by an automated Dumas combustion system (Roboprep, Europa Scientific, Crew, U.K.) coupled with a mass spectrometer (Tracermass, Europa Scientific).
Calculation of isotope ratio, nitrogen yield and blank
Since one dye molecule formed by the above procedure contains one nitrogen atom derived from nitrate and another one from sulfanilic acid, the 15 N atom% of the azo dye (I s ) can be given from the atom% of the sample nitrate (I ni ) and the natural abundance of 15 N (I o ), or
The observed nitrogen amount (P obs ) and 15 N atom% (I obs ) can be related to the actual nitrogen amount (P s ) and 15 N atom% (I s ) of the azo dye by the following equations:
where y is the yield of azo dye recovery and P b is the background nitrogen introduced during the sample preparation or the blank nitrogen. We assume here that the background nitrogen has the natural atom% of 15 N (I o ).
Both y and P b should be given from the following equations if the values of P obs , P s , I obs , and I s are known:
( )
The 15 N atom% of nitrate in the sample water (I ni ) can be given from the observed nitrogen amount (P obs ) and 15 N atom% (I obs ), and the background nitrogen (P b ) as
Isotope dilution experiment
The method was applied to an isotope dilution experiment for determination of nitrification rate in a pelagic water of the Pacific. The incubation experiment was conducted during the cruise KT-95-12 (30 August-5 September 1995) of R/V Tansei-Maru of the University of Tokyo. Sea water sample was obtained by acid-cleaned Go-Flo samplers at a station (33°50′ N, 138°40′ E). The sea water was taken from 60 m depth and was immediately dispensed into an acidcleaned polycarbonate container of 20-liter capacity. Tracer was added in the form of Na 15 NO 3 (99.8 atom%, Shoko Co., Ltd.) at a final concentration of 0.25 µM together with 2.0 µM of ordinary NaNO 3 of natural 15 N atom%. Approximately 4.0 µM of nitrate was detected in the sample before enrichment. The container was covered with a black plastic screen that reduces the natural sunlight to the 1% level; the level corresponds to the light intensity at 60 m depth. Temperature in the incubator was maintained by circulating surface sea water. A subsample of water was withdrawn from the container at 3-7 h intervals. The subsample was gently filtered by a precombusted Whatman GF/F filter (47 mm). The filtrate and filter with retained particulate matter were kept frozen until the analysis ashore.
Results and Discussion
For 15 N analysis, application of the azo dye formed with sulfanilic acid and 2-naphthol (Orange II) was not previously reported. The dye contains two nitrogen atoms in a molecule; one derived from nitrate and another from sulfanilic acid. One nitrogen atom is the minimum number of nitrogen atoms introduced by the azo-dye methods. Unlike the azo dye from aniline and 2-naphthol, the dye formed by the present method is completely dissolved in the reaction solution and can thus easily be applied to the solid extraction columns. Another advantage of the use of sulfanilic acid is that the same reagent can be used for both diazotization and removal of preexisting nitrite.
Nitrite in sample water was efficiently removed by the sulfanilic acid treatment. Examination with test samples containing 10 µM of NaNO 2 showed that a 10-minute heating with sulfanilic acid completely destroyed nitrite in the samples. Residual nitrite concentration is shown as a function of the heating period in Fig. 1 . In this examination, we put the sample solution in a 1-liter flask that was placed in a boiling water bath for different periods. From this result, we routinely adopted 15 minutes for the heating period. The result is essentially consistent with the work of Morimoto and Hirakoba (1964) who also observed that the reaction was completed within 10 minutes for a much smaller scale of volume of the reaction solution.
Results of mass spectrometric analysis of the extracted dye prepared from test samples of known atom% of 15 N in nitrate revealed that 15 N was diluted with natural nitrogen slightly more than expected theoretically. We calculated the yield of nitrogen recovery (y) and the blank nitrogen (P b ) values according to Eqs. (4) and (5), using data of a 19-replicate analysis of 2.5 µg-atom N of nitrate. The values for y ranged from 82.9 to 92.2% with a mean value of 86.3% and a standard deviation of 2.8%. The P b values ranged from 0.11 to 0.43 µg-atom N with a mean value of 0.25 µg-atom N and a standard deviation of 0.08 µg-atom N. For 1.0 and 5.0 µg-atom N of nitrate, we obtained the y values of 81.1 ± 0.7% and 80.1 ± 1.8% (mean of triplicate analysis; ± values indicate standard deviations), respectively. These values for P b were 0.20 ± 0.01 and 0.13 ± 0.01 µg-atom N, respectively. In the above calculation of y, the values for the theoretical nitrogen amount of the dye (P s ) in Eqs. (2) and (4) were obtained from the observed nitrite concentration after the reduction step. The overall recovery yield of nitrate nitrogen would be slightly lower than the y values, considering the reduction efficiency of the cadmium-copper column (>95%). Although the y values obtained for 2.5 µg-atom N of nitrate were slightly larger than the values for 1.0 and 5.0 µg-atom N of nitrate, the deviation of yield may not be related to the variation of nitrate concentration in the sample. The yield more likely depended on experimental skill at the step of adsorption of the methanol extract since a trace of leftover dye was always found after adsorption by the filter. The variation of y does not affect the calculation of 15 N atom% of nitrate by Eq. (6). The P b values were found to be significant and variable, but were also suggested to be independent of the amount of nitrogen in the samples.
In preliminary analysis, we frequently observed that blank nitrogen values exceeded 1 µg-atom N. Much of the large blank nitrogen was eliminated by treating the sample solution with a reversed-phase extraction column immediately after the reduction by the cadmium column. The background nitrogen was further decreased by washing the extraction column with dilute HCl, NaOH solution and pure water before elution with methanol. We still found approximately 0.25 µg-atom of N as the blank, with significant variation. The nitrogen detected with a blank tablet of a quartz filter strip in tin foil was about 0.05 µg-atom N, and thus it is suggested that a major portion of the background nitrogen may come from the sample solution. Nitrogen detected by treating the Milli-Q water and the pelagic sea water with the same procedure gave similar values with the blank nitrogen calculated above. Thus it is suggested that most of the remaining blank nitrogen comes from reagents or their by-products during the azo dye formation reaction. While blank nitrogen in 15 N analysis is rarely reported in published works, a recent paper by Liu et al. (1996) examined blank nitrogen in their natural 15 N abundance studies of nitrate. They found that approximately 4.5 µg-atom N of background nitrogen was introduced during their sample preparation, based on conversion of nitrate to ammonium. They suggested that the Devarda's alloy might be a major source of this nitrogen. They also suggested that DON in the sample sea water might be additional source of the blank nitrogen in their method. The blank values we obtained were substantially lower than their value. From our own limited experience, we believe the blank value in the present method is likely smaller or at least comparable to those of the other published methods. We were, however, unable to eliminate the source of the variability of our background nitrogen. Figure 2 shows the 15 N atom% of nitrate calculated by Eq. (6) for test samples of known 15 N atom%. The value of background nitrogen (P b ) was assumed to be 0.25 µg-atom N. With the assumed P b value, the calculated 15 N atom% agrees fairly well with the theoretical values (Fig. 2) . However, the possible variation of P b as shown above would introduce significant error in the estimation of 15 N atom% in practice. The range of the error depends on the P obs values relative to the variation in P b values in Eq. (6); the error would be relatively small if the nitrogen amount in the sample is sufficiently larger than the blank nitrogen. Figure 3 shows the result of the isotope dilution experiment conducted during the cruise KT-95-12. Linear regression analysis of the data suggests a decrease in 15 N atom% of nitrate with time (0.0051 atom% h -1 ) which may reflect the isotope dilution by nitrification. The number of data point is limited (n = 7) and statistical significance of this decrease in 15 N atom% is rather critical, with a correlation coefficient (r) of -0.74 at a significance level (p) of 0.055. Total nitrate concentrations in the samples were about 6.3 µM and dilution of 0.0051 atom% h -1 in nitrate corresponds to a nitrification rate of 8.6 nM h -1 . The reported rates of nitrate formation in pelagic waters are generally smaller than this rate (Olson, 1981; Ward, 1987; Ward et al., 1989) . We further evaluated the range of error of our estimate by allowing the background nitrogen (P b ) to vary in Eq. (6). The error bars given in Fig. 3 indicate the possible variation in estimate of 15 N atom% due to the variation in values of P b . The value of P b was assumed to be 0.25 µg-atom N and the range of possible variation was postulated as ±0.10 µg-atom N. The P b value was thus allowed to vary from 0.15 to 0.35 µg-atom N. While we believe that the data in Fig. 3 reflect nitrification activity, quantitative discussion of the rate obtained must be constrained by the given range of error in the 15 N atom% determination in this particular experiment. The effect of the error associated with the blank (P b ) variation can be decreased by elevating the nitrogen amount (P obs ) and/or the 15 N atom% (I obs ) in nitrate nitrogen in the sample water (see Eq. (6)). The present method may be applied to an isotope dilution experiment in the open ocean with an experimental design that ensures this condition, or with a larger amount of 15 N-nitrate addition. The 15 N-nitrate isotope dilution experiment has been suggested as an ideal method for studies of nitrate dynamics, because it can avoid the perturbation caused by ammonium or nitrite enrichment and is not affected by simultaneous consumption of nitrate by microbial populations (Koike and Hattori, 1978; Horrigan and Capone, 1985; Ward et al., 1989) . Its application to pelagic water column systems, however, has met with only limited success so far, presumably due to the limitation in analytical sensitivity (Ward et al., 1989) . Since the mass spectrometer used in this study can safely detect a difference of 0.01 atom% of 15 N, decreasing the effect of variation in blank nitrogen in the present method would lead to a successful isotope dilution experiment for the open ocean. The proposed method is also readily applicable to tracer experiments for nitrification rate based on oxidation of 15 Nnitrite or 15 N-ammonium, and to 15 N-nitrate dilution experiments for sediment and eutrophic coastal waters.
